Extracellular vesicle production is a ubiquitous process in Gramnegative bacteria, but little is known about such process in Grampositive bacteria. We report the isolation of extracellular vesicles from the supernatants of Bacillus anthracis, a Gram-positive bacillus that is a powerful agent for biological warfare. B. anthracis vesicles formed at the outer layer of the bacterial cell had doublemembrane spheres and ranged from 50 to 150 nm in diameter. Immunoelectron microscopy with mAbs to protective antigen, lethal factor, edema toxin, and anthrolysin revealed toxin components and anthrolysin in vesicles, with some vesicles containing more than one toxin component. Toxin-containing vesicles were also visualized inside B. anthracis-infected macrophages. ELISA and immunoblot analysis of vesicle preparations confirmed the presence of B. anthracis toxin components. A mAb to protective antigen protected macrophages against vesicles from an anthrolysin-deficient strain, but not against vesicles from Sterne 34F2 and Sterne δT strains, consistent with the notion that vesicles delivered both toxin and anthrolysin to host cells. Vesicles were immunogenic in BALB/c mice, which produced a robust IgM response to toxin components. Furthermore, vesicle-immunized mice lived significantly longer than controls after B. anthracis challenge. Our results indicate that toxin secretion in B. anthracis is, at least, partially vesicle-associated, thus allowing concentrated delivery of toxin components to target host cells, a mechanism that may increase toxin potency. Our observations may have important implications for the design of vaccines, for passive antibody strategies, and provide a previously unexplored system for studying secretory pathways in Gram-positive bacteria.
monoclonal antibody | passive immunity | immunizations A nthrax is a disease caused by Bacillus anthracis, a Gram-positive, spore-forming, rod-like bacterium. Anthrax is primarily a disease of grazing herbivores and human cases are relatively rare, usually resulting from contact with contaminated animal products. However, B. anthracis has emerged as a powerful biological weapon, as illustrated by the events surrounding the delivery of bacterial spores in the mail in 2001 (1, 2) . Therapy for inhalational anthrax remains unsatisfactory, as the disease has high mortality, even with the administration of potent antimicrobial agents (1) . The one vaccine licensed for the prevention of anthrax is poorly immunogenic and provides only transient immunity (2) .
B. anthracis owes it pathogenicity principally to two major virulence factors: a poly γ-D-glutamic acid capsule and anthrax toxins, which are encoded by two large plasmids, pXO1 and pXO2, respectively (3, 4) . Three polypeptides, which act in a binary fashion, make up the anthrax toxins: protective antigen (PA), lethal factor (LF), and edema factor (EF) (3, 5) . PA 83 binds to the anthrax toxin receptor in host cells and is cleaved by a cell-associated, furin-like protease. PA 63 polymerizes into oligomeric structures that bind EF or LF and promotes their entry into the cell (3, (5) (6) (7) . Edema toxin is a calmodulin-dependent adenylate cyclase that converts intracellular ATP to cAMP, resulting in a significant increase in cAMP levels, culminating in edema (8) . Lethal toxin (LeTx) is a zinc metalloprotease that cleaves cellular mitogenactivated protein kinase kinases, causing disregulation of cellular transcriptional machinery resulting in cellular death (3, 8, 9) .
Secreted vesicles allow bacteria to disperse bacterial products into the surrounding environment in a concentrated manner (10, 11) . Vesicle formation appears to be a conserved process among both pathogenic and nonpathogenic, Gram-negative bacteria, and the role of outer membrane vesicles in pathogenesis are of great interest. Recently, eukaryotic pathogens, such as Cryptococcus neoformans, have been found to release virulence factors in vesicles, suggesting that this is a widely used strategy for pathogenic microbes to deliver a noxious cargo to target immune cells (12, 13) . Many Gram-negative pathogenic bacterial species, including Pseudomonas aeruginosa, produce vesicles that contain toxins or other virulence factors and, in several cases, vesicles have been proposed to be vehicles for toxin delivery to eukaryotic cells (14) (15) (16) (17) . Significantly less is known about the role of vesicular formation for Gram-positive bacteria. Early studies revealed the isolation of membrane-derived vesicles in Gram-positive bacteria, but these were not associated with an apparent function (18) . More recently, the release of membrane-derived vesicles by Grampositive Staphylococcus aureus, Mycobacterium ulcerans, and Bacillus spp. was reported (18) (19) (20) (21) , suggesting that vesicle production is a widespread phenomenon among microbial species.
The catalyst for this study was our recent serendipitous observation that immunogold studies of B. anthracis cells using mAbs to anthrax toxin proteins revealed clustering of gold particles in bacterial membranes and extracellular spaces (22) . Such clustering implied that anthrax toxin components were concentrated in localized regions, a finding that was counterintuitive if the secretion system involved the release of single proteins from cell surfaces then diffused outwards. Given a similar experience with fungal polysaccharides of C. neoformans, where immunogold clustering in cell-wall micrographs led to the discovery of an extracellular vesicular transport system for polysaccharide export (12, 13), we investigated the possibility that vesicle-related phenomena were responsible for the clustering of gold particles in B. anthracis cellular preparations. We report that membranederived vesicles are produced and released by B. anthracis and that these vesicles contain anthrax toxin components, suggesting a physiological role for the vesicles during anthrax.
Results
Isolation of Vesicles from B. anthracis 34F2 Culture Supernatants.
Using methods adapted from those previously developed for the study of cryptococal vesicles (12, 13, 23) , we report the presence, synthesis, and isolation of vesicles in B. anthracis Sterne culture supernatants using four techniques. First, vesicles were visualized by transmission electron microscopy, which revealed circular structures, some of which appeared to have double membranes (Fig. 1) . Further analysis of vesicle dimensions by transmission electron microscopy and histogram revealed a heterogeneous population with average diameters of 50 to 300 nm (Fig. S1A) . Second, staining of putative vesicle preparations with DiO followed by flow cytometry analysis revealed lipid-containing structures with dimensions similar to those previously reported for vesicular preparations (12, 13) (Fig. S1B) . Using flow cytometry analysis of DiO-positive vesicles with counting beads, we estimated that we recovered 2.1 × 10 5 vesicles per milliliter of culture. Third, analysis of pelleted supernatant material by quasielastic light scattering (QELS) revealed two populations of particles of 200 to 300 nm, with a smaller population of 50 nm in diameter (Fig. S1C) . The size distribution measured by QELS is larger than measured by electron microscopy, consistent with the fact that these techniques tend to overestimate and underestimate vesicular diameters, respectively (24) . Fourth, a pulse-chase experiment with B. anthracis Sterne cells labeled with C 14 -glycerol revealed the rapid accumulation of radioactivity in structures that could be recovered from the supernatant by centrifugation (Fig.  S1D ). Nevertheless, we worried about the potential for artifactual findings, given that phospholipids are notoriously prone to forming lamellar/vesicular structures or that the putative vesicles were remains of dead cells. Consequently, we placed heat-killed bacteria in growth media, incubated them in culture conditions identical to that with live bacterial cells and attempted to isolate vesicles. Vesicles were not recovered from a suspension of dead bacteria. Lastly, ζ potential analysis of vesicle preparations from B. anthracis Sterne 34F2 (Tox + ) and DeltaT (Tox − ) strains revealed values of −65.67 ± 4.71 mV and −7.94 ± 4.71 mV, respectively (P < 0.05). The large difference in ζ potential for vesicles produced by toxin-producing and deficient B. anthracis strains strongly argues against a random assembly of phospholipids or cell membrane fragments into vesicles.
B. anthracis Vesicles Contain Toxin Components. The presence of toxin components in vesicles was initially characterized by ELISA. In this ELISA, polystyrene plates were coated with sonicated vesicle preparations and the reactivity of mAbs 7.5G IgG2a, 14FA IgG2b, and FF7 IgG1to PA, LF, and EF, respectively, was measured. Monoclonal Abs reacted with the vesicle preparation by ELISA with the relative reactivity of PA > LF > EF (Fig. S2A ).
Effect of Vesicles on Murine Macrophages. Addition of vesicles to macrophage monolayers resulted in significant reduction in cell viability as measured by MTT cell viability assay (Fig. S2B ).
Vesicles from Sterne δ (Tox − ) strain also mediated cellular toxicity (Fig. S2B ), a finding that we attributed to their anthrolysin (ALO) content. Bacterial cells that were separated from macrophages by 0.4-μm cell strainers mediated macrophage toxicity consistent with either vesicle-associated toxin diffusion or release of toxins from vesicles with subsequent diffusion across the barrier (Fig. S2C ). Addition of neutralizing mAbs to isolated toxin components was previously shown to protect macrophage monolayers (25, 26) . The addition of mAbs to vesicular preparations from Sterne 34F2 strain did not reduce toxicity to the macrophage monolayer ( Fig. S2D ). We surmised that the inability of the mAbs to protect against Sterne vesicles was a result of ALO-mediated toxicity. Hence, we isolated vesicles from Sterne ALO-null strain and repeated the vesicle toxicity experiments. When we added isolated vesicles to macrophage monolayers, we found that a neutralizing mAb to PA reduced vesicular toxicity (Fig. S2E ).
Estimation of Free vs. Vesicle-Associated Toxin Amounts. To estimate the percentage of free toxin in culture supernatants, we used two assays: capture ELISA and MTT cell assay of centrifuged and noncentrifuged supernatant fractions. We centrifuged the supernatant to remove vesicles, concentrated, and measured PA concentration by capture ELISA, as described (25, 27) . No soluble toxin was detected by capture ELISA in concentrated supernatants. In contrast, immunoblot analysis of the sedimentable fraction (vesicles) was positive for PA and EF (Fig. S2F) . Addition of centrifuged concentrated supernatant (vesicle-free) to macrophage monolayers had no effect in cell viability (Fig. S2D) , suggesting that there was little soluble toxin. In contrast, all of the cytotoxic activity was associated with the sedimentable fraction (Fig. S2G) . Hence, the majority of the toxin appears to be vesicle-associated.
Immunogold Electron Microscopy of mAb Binding to Vesicles.
Immunogold electron microscopy (IEM) of purified vesicles using mAbs to toxin components revealed gold particles within vesicles (Fig. 1A) . We also demonstrated the presence of ALO in purified vesicles (Fig. 1A) . To determine if vesicles transported one or more toxin components, we performed double-labeling IEM using mAbs to two toxin components simultaneously and discriminating each toxin with secondary IgG-specific mAbs labeled with gold particles of different sizes. IEM revealed gold particles representing the presence of PA and EF in the same vesicle, as well as EF and LF in the same vesicle (Fig. 1B) . IEM of B. anthracis-germinated cells revealed the presence of vesicles with gold particles representing toxin components within bacterial cells (Fig. 2 A-C) . IEM with isotype-matched, irrelevant mAbs revealed was negative for gold deposition (Figs. 3C and  4D ). To explore the location of toxin components in the vesicles, we counted the proportion of gold particles in the lumen and on the surface of vesicles. The ratio of gold particles in the lumen to surface was 6.5: 1 (n = 323 gold particles), suggesting that toxin was primarily in the intravesicular compartment. In addition, high resolution IEM of bacterial cells revealed concentrations of gold particles at or near the bacterial surface, suggesting the vesicles emerged from the cell membranes ( Fig. 2 E and F) . Imaging of B. anthracis-infected macrophages revealed vesicle-like structures that stained for anthrax toxin by IEM were apparent in close proximity to macrophage membranes (Fig. 3A) . Vesicle-like structures that stained for anthrax toxin by IEM were apparent inside macrophage cells containing B. anthracis (Fig. 3B) . (Fig. 4A) . Vesicle-associated proteins were separated by SDS/PAGE, incubated with pooled sera from immunized mice, and antibody binding was shown by immunoblot. Vesicle-associated proteins are recognized by sera from immunized mice (Fig. 4A, Inset) . Interestingly, mice immunized with vesicles produced more IgM than IgG (Fig. 4B) but immunization with purified toxins produces primarily IgG (26, 27) . We then evaluated the ability of unsonicated vesicles to elicit protective immunity by challenging vesicle-immunized mice with B. anthracis Sterne strain. Survival of vesicle-immunized mice was significantly prolonged compared with control mice immunized with adjuvant alone, with a median survival of 13 and 2 d, respectively (P < 0.05) (Fig. 4C ).
Immunization of Mice with
Proteomic Analysis of Vesicles and B. anthracis. Thirty-six different proteins involved in a number of bacterial cellular processes were identified in purified vesicles (Fig. S3) . These processes ranged from protein, carbohydrate and amino acid metabolism to proteins involved in cell-wall architecture, such as an S-layer protein.
In addition, several proteins involved in the stress response such as HSP60 were also identified. Analysis of the protein composition components of B. anthracis cells revealed 89 different proteins involved in several bacterial cellular processes with 11 proteins in common with purified vesicles (Fig. S3) .
Fatty Acid Profile of Vesicles and B. anthracis. Twelve and 16 lipids were identified from B. anthracis Sterne 34F2 bacterial cells and purified vesicles, respectively (Table S1 ). Palmitic and stearic acids were the major fatty acids identified for both cells and vesicles, but there were considerable differences on the composition of the minor lipid components, with vesicles being enriched in myristic and palmitic acids (Table S1 ).
Discussion
We demonstrate the isolation of vesicles from culture supernatants of the pathogenic, Gram-positive bacterium, B. anthracis. This result confirms and extends reports of vesicular structures in other Gram-positive microbes, such as S. aureus (21), M. ulcerans (19) , and in Bacillus cereus and Bacillus subtillis (18) . However, by demonstrating that these structures serve as a vesicular transport system for anthrax toxins, we associate vesicle production with the delivery of virulence components, as has been shown to such Gram-negative pathogens as Escherichia coli (28, 29), P. aeruginosa (14, 17, 30) , and Helicobacter pylori (31) and Cryptococcus neoformans (12, 13) .
Vesicle release is a ubiquitous process that occurs during normal bacterial growth and has been extensively characterized in Gram-negative bacteria (32) . When vesicles are released from Gram-negative bacteria, a portion of the bacterial periplasm is taken along with other bacterial components, including bacterial proteins and DNA (18, 33, 34) . In fact, the release of vesicles by pathogenic, Gram-negative bacteria is widely recognized as a strategy to deliver noxious cargos and virulence factors to target host cells (16, 31, 35, 36) . Gram-negative vesicles are described to be spherical and bilayered structures ranging in size from 50 to 250 nm in diameter. Similarly, our group observed B. anthracis vesicle structures of comparable size that are spherical with bilayered membranes and electron-dense luminal contents. Light scattering analysis revealed a heterogenous population of vesicle diameter that was consistent with the size predicted from electron microscopic studies, with the caveat that these techniques overestimate and underestimate vesicle diameters (24, 37) . We note with interest that the dimensions of Gram-positive, Gram-negative, and fungal vesicles are similar, despite a very high likelihood that the mechanisms of vesicle production differ markedly among these phylogenetically, distant microbes, which differ in cell-wall architecture. These similarities might reflect physical constraints in the assembly of lipid vesicles.
We investigated the presence of toxin components in vesicles isolated from B. anthracis Sterne 34F2 using mAbs previously generated by our group to the bacterium's toxin components (22, 25, 26) , as well as anthrolysin (ALO) (38) . Immunogold labeling studies for PA, LF, and EF revealed gold particles predominantly in the lumen of isolated vesicles consistent with an intravesicular location. Immunoblot analysis confirmed the presence of toxin components in purified vesicles from B. anthracis Sterne. Furthermore, we determined the ζ potentials of isolated vesicles and determined that vesicles from the wild-type strain had a higher ζ potential than those from a toxin-deficient strain. Given that toxin proteins are negatively charged (pI: PA, 5.66; EF, 6.74; LF, 5.69) (http://ca.expasy.org/cgi-bin/pi_tool), we interpret this result as implying that toxin proteins contribute to the vesicle ζ potential.
B. anthracis vesicles represent potential potent vehicles for toxin transmission to host cells. Isolated vesicles mediated cellular toxicity in a fashion similar to recombinant LeTx, confirming their cytotoxic potential. Anthrax toxin is a tripartite toxin and by delivering the toxins in concentrated pockets, the bacteria could maximize their potency by packaging proteins that must interact together, and thus avoid the problem of protein dilution that would inevitably occur after diffusion from bacterial surfaces. To that end, IEM analysis revealed the presence of more than one toxin component in the same vesicle. We noted that PAneutralizing antibody was ineffective in protecting macrophage monolayers against LeTx, a fact that we attribute to the presence of ALO, a potent cholesterol-dependent cytolysin that rapidly kills neutrophils and macrophages in vitro (39) . In fact, vesicles from the toxin-deficient Sterne δT also mediated cellular toxicity, which we attribute to the presence of ALO. A mAb to PA was effective at protecting macrophage monolayers against vesicles from ALO-deficient Sterne. The mechanism of antibody-mediated protection against vesicle-delivered toxin is not clear, because one might expect that intralumenal toxin is not accessible to immunoglobulins. One possibility for antibody-mediated neutralization is that vesicles release toxin before interacting with the host cell. Alternatively, it is conceivable that the mechanism of antibody action is analogous to that described for intracellular neutralization of lysteriolysin (40) . Toxin packaging in vesicles may contribute to the partial efficacy of antibody (26) and vaccines (25) in experimental anthrax.
Vesicle interactions with macrophages might be expected to deliver toxin in a manner distinct from soluble toxin, and could result in the internalization of other bacterial components, such as membrane proteins in the host cells. On the other hand, vesicle immunization was effective in protecting mice against challenge with B. anthracis, suggesting the possibility that vesicular preparations may be developed into effective vaccines.
Proteomic analysis of the vesicles revealed a complex protein composition that included molecular chaperones and proteins involved in cell wall architecture, protein, and carbohydrate metabolism. Electron microscopy revealed that the B. anthracis extracellular vesicles were not a uniform population, with some vesicles having high electron density content consistent with different forms of cargo. We recovered disproportionately few vesicles relative to the number of cells in suspension, which we attribute to inherent instability of vesicles and disruption during the isolation process. Lipid analysis of isolated vesicles revealed the presence of various fatty acids, which have been identified in other Gram-positive bacteria, such as S. aureus (41) (42) (43) . The metabolic labeling experiment revealed a rapid rise in radiation-associated sedimentable material that was followed by a decrease and then a steady state phase. The kinetics of radiation incorporation and recovery were reproducible and are consistent with a dynamic vesicle population, which persists for only a limited time before disgorging their contents into the supernatant. In summary, we demonstrate that B. anthracis produces toxinladen vesicles that are toxic to macrophages, yet are capable of inducing a protective response in immunized mice. Our observations suggest the need to consider vesicle-mediated toxicity in the pathogenesis of anthrax and provide a unique system for studying of secretory pathways in pathogenic, Gram-positive bacteria. Monoclonal Antibodies and Fluorescence Probes. Monoclonal Abs for PA (7.5G γ2b and 10F4 γ1) of B. anthracis have been described (22, 26) . Monoclonal Ab 14FA γ2b is specific for LF of B. anthracis (22) . Monoclonal Abs BD3 μ and FF7 γ1 are specific to EF (27) . Monoclonal Abs 62F7 μ and 64F8 γ1 are specific for ALO of B. anthracis (38) . DiO (5 μM) (3,3′-dioctadecyloxacarbocyanine perchlorate; Vybrant DiO cell labeling solution) (Invitrogen, Molecular Probes) was used to stain vesicles.
Materials and Methods

Bacillus anthracis
Vesicle Isolation and Staining. Vesicles were isolated by modification of the techniques we have described for the recovery of C. neoformans vesicles from culture supernatants (13, 23) . B. anthracis cultures were centrifuged at 3,000 × g for 15 min at 4°C, supernatants were collected and again centrifuged at 4,000 × g and 10,000 × g (4°C) to remove cellular debris. The resulting supernatant was concentrated using an Amicon ultrafiltration system (100 kDa) and centrifuged, as described above. To collect vesicles, the resulting supernatant was centrifuged at 50,000 × g for 1 h at 4°C, pellets were washed with sterile PBS twice, each time suspending and centrifuging at 50,000 × g for 1 h at 4°C. For some experiments, vesicles were disrupted by sonication (Sonic dismembrator Model 100; Fisher Scientific). Purified vesicles were stained for 1 h with 5 μM DiO with Vybrant DiO cell labeling solution. Vesicles were then washed twice with PBS and centrifuged at 50,000 × g for 1 h at 4°C and then analyzed with Becton Dickinson LSR II digital bench top flow cytometer (two-color, four-laser system) (BD Biosciences). To quantitate the number of vesicles, fluorescent counting beads were added at a known concentration (4.9 × 10 5 ) to DiO-stained purified vesicles before analysis (CountBright Absolute counting beads; Invitrogen). Data were analyzed with FlowJo software (Tree Star, Inc., Ashland, OR).
Measurement of Vesicle Size by QELS.
The effective diameter and size distribution of vesicles preparations in 10 mM dextrose were measured using a 90Plus/BI-MAS Multi Angle Particle Sizing analyzer (Brookhaven Instruments Corp.), as described (37) .
Pulse-Chase Labeling of B. anthracis with C 14 -glycerol. B. anthracis cells (1:100 dilution of overnight culture) were grown in brain heart infusion media until OD 600 nm of 0.5. For pulse labeling, 0.4 μCi of C 14 -glycerol (specific activity, 142.7 mCi/mmol; Perkin-Elmer) per milliliter of culture was added and incubated for 5 min. Labeled B. anthracis cultures were then centrifuged, suspended in unlabeled media, and cultured at 37°C while shaking for several chase times. Vesicles were isolated as described above and incorporation of C 14 was measured using 1450 Microbeta liquid scintillation reader (Perkin-Elmer Wallace, Inc.).
ζ Potential Measurements. The ζ potential of vesicles samples suspended in 10 mM dextrose were calculated in a ζ potential analyzer (ZetaPlus; Brookhaven Instruments Corp.) (44, 45) .
ELISA. The presence of toxin components in vesicles was measured using ELISA, as previously described (25, 26, 46) . Western Blot Analysis. Isolated vesicles were solubilized in Laemmli sample buffer containing β-mercaptoethanol, boiled for 10 min, separated on a 12% SDS/PAGE, stained overnight with GelCode Blue Stain (Pierce), and visualized with ECL chemiluminescence kit (Pierce) (47) . Membranes were incubated with either mAbs 10F4 IgG1 or BD3 IgM, as described (26, 27) .
MTT Cell Assay. MTT [3, (4,5-dimethylthiazol-2-yl) 2,5-diphenyltetrazolium bromide] assay was used to determine toxicity of vesicles to J774 mouse macrophage cell line as described (25, 26) . In some experiments, 0.4-μm cell strainers (Fisher Scientific) were used to separate bacterial cells from macrophages to ascertain the toxicity of secreted vesicles.
IEM. B. anthracis vesicles and germinated bacterial cells were fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer. For localization of vesicles associated with macrophages, bacterial cells (10 6 ) were incubated with a monolayer of J774 macrophages and fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer. IEM were then performed as described previously (22) with 10 μg of mAbs 7.5G (PA), 10F4 (PA), FF7 (EF), and 14FA (LF).
Protein Analysis of B. anthracis and Isolated Vesicles. Cellular and vesicular proteins were resolved as described above. For LC-MS/MS analysis, protein was digested and product were separated by a 60-min gradient elution at a flow rate of 0.250 μL/min equipped with the Dionex 3000 nano-HPLC system directly interfaced with the Thermo LTQ-Orbitrap mass spectrometer. DTA files generated by Bioworks 3.3.1 software (Thermo Scientific) were searched against the bacterial database using an in-house Mascot searching algorithm. The following search parameters were used in all of the Mascot searches: maximum of one missed trypsin cleavages, cysteine carbamidomethylation as fixed modification, and methionine oxidation as the variable modification. The maximum error tolerance is 10 ppm for MS and 1. Statistical Analysis. Statistical analyses for light scattering and ζ potential experiments were done with 90 Plus/BI-MAS Software (Brookhaven Instruments Corp.). Survival data were analyzed by log rank analysis (P < 0.05) (Sigmastat).
